We present results from three world-wide campaigns that resulted in the detections of two singlechord and one multi-chord stellar occultations by the Plutino object (84922) 2003 VS 2 . From the single-chord occultations in 2013 and 2014 we obtained accurate astrometric positions for the object, while from the multi-chord occultation on November 7th, 2014, we obtained the parameters of the best-fitting ellipse to the limb of the body at the time of occultation. We also obtained short-term photometry data for the body in order to derive its rotational phase during the occultation. The rotational light curve present a peak-to-peak amplitude of 0.141 ± 0.009 mag. This allows us to reconstruct the three-dimensional shape of the body, with principal semi-axes a = 313.8 ± 7.1 km, b = 265.5 +8.8 −9.8 km, and c = 247.3 +26.6 −43.6 km, which is not consistent with a Jacobi triaxial equilibrium figure. The derived spherical volume equivalent diameter of 548.3 +29.5 −44.6 km is about 5% larger than the radiometric diameter of 2003 VS 2 derived from Herschel data of 523 ± 35 km, but still compatible with it within error bars. From those results we can also derive the geometric albedo (0.123
INTRODUCTION
Trans-Neptunian Objects (TNOs) are bodies that orbit the Sun with orbital semi-major axis larger than that of Neptune (Jewitt et al. 2008 ). Due to their large distance to the Sun and low spatial density, those objects do not experience extensive differentiation. Consequently, TNOs are the least evolved bodies in the Solar System, at least from the composition point of view. Hence, knowing their physical parameters such as size, shape, albedo, density, presence of atmosphere, rings, and their evolution, yield important information on the nature of material, physical conditions, and history of the primitive solar nebula , and about the formation and evolution of our solar system (Lykawka & Mukai 2008; Parker 2015; Santos-Sanz et al. 2016) . Additionally, the Kuiper Belt provides the natural connection with the study of protoplanetary disks observed around other stars (Anglada et al. 2017) .
Despite the fact that more than 25 years have elapsed since this population was discovered (the first TNO discovered was (15760) Albion by Jewitt & Luu (1993) , only Pluto and, more recently (in January 1st, 2019) , the small TNO 2014 MU 69 have been visited so far by a spacecraft, the NASA/New Horizons mission (Stern et al. 2019) , making them unique bodies in the transNeptunian region with a more complete set of information. In summary, our knowledge of basic physical properties of the TNO population is still scarce and fragmentary, mainly due to the faintness and small angular sizes of these bodies as seen from Earth (Stansberry et al. 2008; Lellouch et al. 2013) .
In this context, we have been conducting various kinds of Earth-based observations for nearly two decades to gather relevant physical information about TNOs (Lellouch et al. 2002; Ortiz et al. 2002 Ortiz et al. , 2004 Ortiz et al. , 2006 Ortiz et al. , 2007 Ortiz et al. , 2011 Ortiz et al. , 2012 Ortiz et al. , 2015 Ortiz et al. , 2017 Belskaya et al. 2006; Duffard et al. 2008; Assafin et al. 2010; Thirouin et al. 2010; Sicardy et al. 2011; Assafin et al. 2012; Braga-Ribas et al. 2013 Camargo et al. 2014; Benedetti-Rossi et al. 2016; Bérard et al. 2017; Dias-Oliveira et al. 2017; Leiva et al. 2017; Camargo et al. 2018) . In this framework, we predicted and detected three stellar occultations by the TNO (84922) 2003 VS 2 -VS2 hereafter -that we monitored through a collaboration with a large panel of amateurs. Among the three events, we obtained two singlechord detections in December 2013 and in March 2014 and one multi-chord detection in November 2014. The latter observation was made from four well separated sites, from which valuable physical information is derived, as described in this paper.
The object VS2 was discovered by the Near Earth Asteroid Tracking (NEAT) 1 program on November 14, 2003. As a 2:3 resonant object with Neptune, it belongs to the plutino class (Gladman et al. 2008; MPEC 2006) 2 . Most of its physical properties were derived from thermal measurements using the space telescopes Herschel and Spitzer (Stansberry et al. 2008; Mommert et al. 2012; Santos-Sanz et al. 2017) . Orbital parameters, absolute magnitude, B-R color, rotation period, photometric variation, taxonomy, diameter, and geometric albedo, taken from previously published works, are listed in Table 1 .
Here we present the results from those three stellar occultations by VS2, with the determination of size and shape of this body based on the multi-chord occultation of November 07, 2014. We also present a rotational light curve for VS2 derived from the 1.5 m telescope located at Sierra Nevada observatory in Granada (Spain), showing an amplitude that is smaller than reported previously in the literature.
We describe in Section 2 the circumstances of observation for the stellar occultations (predictions, updates and the occultations themselves) and for the photometric runs to obtain the light curve. In Section 3 we describe our data reduction, analysis and the results obtained from the stellar occultations. We discuss in Section 4 the results concerning the 3D-shape of the body as well as other features by combining our occultation and photometric data. Finally, conclusions are presented in Section 5.
OBSERVATIONS
Observations performed in this work are separated into three groups: (2.1) observations performed to predict and refine the the astrometric positions of the occulted stars and of the object for the occultations; (2.2) observations of the occultations; and (2.3) the observation runs that yielded VS2's rotational light curve.
Stellar Occultations Predictions and Updates
Stellar occultations require large efforts in order to determine accurate positions of the star and of the object's ephemeris. Despite the fact that the Gaia catalog -on its second data release, GDR2 -presents positions and proper motions for stars with unprecedented accuracy (milliarcsec, or mas, levels (Gaia Collaboration 2016a ,b, 2018 van Leeuwen et al. 2017) ), the object's ephemeris is usually determined at accuracies of a few hundred mas, due to scarce observations. This is larger than the projected sizes of the objects in the sky plane, resulting in misses when attempting stellar occultation obervations. Until data from large surveys, such as the LSST 3 , become available in a few years from now, regular observations of those small objects will still be needed for most of them in order to improve their orbital parameters. In fact, even with LSST data available, big efforts will still be needed to improve objects' ephemeris, as LSST will mostly cover the southern sky, leaving the objects in the northern hemisphere with big uncertainties. Note also that all those objects have long orbital periods (nearly two centuries for the closest TNOs) and that the time-span of the observations are short (less than 20 years) so the uncertainties in the orbital elements are very sensitive to new observations.
At the time of the three occultations reported here, we did not have the Gaia catalog in our hands so the candidate stars were identified in systematic surveys performed at the 2.2 m telescope of the European Southern Observatory (ESO) at La Silla -IAU code 809 -, using the Wide Field Imager (WFI). The surveys yielded local astrometric catalogues for 5 Centaurs and 34 TNOs (plus Pluto and its moons) up to 2015, with stars with magnitudes as faint as R mag ∼19, see details in Assafin et al. (2010 Assafin et al. ( , 2012 and Camargo et al. (2014) . All three VS2 occultation candidate stars were then identified in the GDR2 catalog and their right ascension, declination, proper motions, and G, B, V and K magnitudes are presented in Table 2 .
Astrometric updates of the candidate stars (and the TNO when possible) were performed using several telescopes close to the dates of events in Brazil at Pico dos Dias Observatory -IAU code 874 -(Perkin Elmer 1.6 m, Boller & Chivens 0.6 m, and ZEISS 0.6 m), in Spain at Calar Alto Observatory -IAU code 493 -(1.23 m and 2.2 m telescopes), at Sierra Nevada Observatory -IAU code J86 -(1.5 m telescope), and at Observatorio de La Hitta -IAU code I95 -(77 cm telescope), and in France at Pic du Midi -IAU code 586 -(T100 cm telescope) so to reduce systematic errors caused by the reference catalogs. Astrometric positions obtained for VS2 with those observations are listed on Table 3 . The final positions obtained for the star and the TNO before the occultations provided predictions with uncertainties as large as 
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Note-Orbital parameters: a: semimajor axis in astronomical units (au); q: perihelion distance in au; i: orbital inclination in degrees; e: eccentricity -from "JPL Small-Body Database Browser". Hv: average absolute magnitude at V-band obtained from Alvarez-Candal et al. (2016) and priv. comm.; B -R color from Sheppard (2007) ; Mommert et al. (2012) and references therein. P: preferred rotation period in hours from Santos-Sanz et al. (2017) . ∆m [mag]: light curve peak-to-valley amplitude from Thirouin et al. (2013) . Taxon.: taxonomic color class from Perna et al. (2010) , and references therein. D: area-equivalent diameter and p V : geometric albedo at V-band from Mommert et al. (2012) Note-RA and DEC ICRS: Barycentric right ascension and declination (ICRS) propagated to the occultation epoch.; errRA and errDEC: Standard error of right ascension (multiplied by cosDEC) and declination; pmRA and pmDEC: proper motion in right ascension (multiplied by cosDEC) and in declination direction; Plx: Absolute stellar parallax; G magnitude. All values obtained from GDR2 (Gaia Collaboration 2016a ,b, 2018 . B, V, and K magnitudes obtained from NOMAD catalog (Zacharias et al. 2004 ).
50 mas, equivalent to about 1300 km when projected onto Earth's surface.
Stellar Occultations
For each of the three stellar occultations, an alert was triggered at several potential sites, resulting in data collected with a large diversity of instruments, see Tables 4, 5, and 6. All sites used robust clock synchronizations, either by a Global Positioning System (GPS) or by setting up the clocks using Internet servers -Network Time Protocol (NTP) -, and acquisition times of each image was inserted on image header or printed on individual video frames. Using any of those synchronization methods, the times should not present absolute errors larger than 1 ms (Deeths & Brunette 2001) . At all sites with favourable weather conditions, data were collected from about ten minutes prior to the predicted occultation times until about ten minutes after those times. No filters were used in any of the observations to maximize photon fluxes, and thus signal-to-noise-ratio (SNR).
Out of 23 stations distributed in nine countries (France, Israel, United Kingdom, Greece, Argentina, Uruguay, Chile, Brazil and Bolivia), we obtained two single-chord events and one multi-chord occultation, for a total of 7 positive detections. Note that the March 2014 occultation was detected by two telescopes at the same site in Israel. As such, they do not provide any constraint on the shape of the object, and we consider it as a single-chord detection. Figures 1, 2 , and 3 show the post-occultation, reconstructed maps for the three events. Note that in those figures we used a radius for VS2 of 564.8 km (determined from the multi-chord occultation), but we do not know the rotational phase for the two single-chord occultations, so the shadow path may be smaller than this value. Details of data analysis for each occultation are given in Section 3.
Rotational light curve
In order to determine the rotational phase of VS2 at the time of the multi-chord occultation, we performed a photometric follow up of the object a few days after the event. We obtained a total of 97 images of VS2 over three nights -November 15, 16, and 17, 2014 -with the 2k × 2k CCD of the 1.5 m telescope at Sierra Nevada Observatory in Granada (Spain). The image scale of the instrument is 0.232 arcsec/pixel with a Field of View (FOV) of 7.92' × 7.92'. All the images were acquired without filter and in 2 × 2 binning mode to maximize SNR. The integration time was 300 s throughout the three nights with a Moon illumination of 36% during the first night and 18% during the third night. The average seeing during the three nights was 3.3 arcsec. Note-"FLI" stands for Finger Lakes Instruments; "PI" for Princeton Instruments; "PL" for Pro Line; "N/A" for Not Available. 1864.0 DU-888E-C00-#BV A. R. Gomes-Junior (w/ clouds)
Note-"FLI" stands for Finger Lakes Instruments; "PI" for Princeton Instruments; "PL" for Pro Line. * Three 1-m telescopes were used at Las Cumbres (IAU codes W85, W86 and W87). One of them used I filter to minimize the moon contamination while the other two observed in Clear. Exposure time were 3 seconds for 2 telescopes (filters I and Clear) and 4 seconds for the third telescope. Readout time is not constant for this observation, but in average is 2 seconds. Computers are synchronized via NTP to the site GPS and the start of exposure in the three telescopes had a time shift in order to combine the three data sets and obtain one unique light curve without readout time.
We pointed the telescope at the same coordinates on the three nights in order to use the same reference stars and thus minimize systematic photometric errors. Standard Bias and Flat field corrections were applied on science images. Specific routines written in Interactive Data Language (IDL) were developed to perform the aperture photometry of all the chosen reference stars and VS2. We tried different apertures for the target, calibration stars and sky ring annulus in order to maximize the SNR on the object for each night and to minimize the dispersion of the photometry.
The flux of VS2 relative to the comparison stars is finally obtained versus the Julian Date, accounting for light travel times. The procedures we used were identical to those detailed in Fernández-Valenzuela et al (2016 . We folded the final photometric data with the well-known rotational period for VS2 obtained in Santos-Sanz et al. (2017) , P= 7.4175285 ± 0.00001 h. From this rotational light curve, we deduce that VS2 was near one of its absolute brightness maxima at the time of the November 07, 2014 stellar occultation (Fig.  4) , which implies that the object occulted the star when its apparent surface area was near its maximum. These folded data are also fitted with a second order Fourier function in order to obtain the peak-to-valley amplitude of the rotational light curve, which turns out to be 0.141 ± 0.009 mag (as listed in Table 10 ). The decrease in the peak-to-peak amplitude, compared to the value obtained by Thirouin et al. (2013) , is probably due to geometric effects (i.e. a change in the aspect angle with respect to the previous amplitude estimations). The epoch for zero phase was chosen to be near the time of occultation (November 07, 2014 at 04:00:00 UTC).
STELLAR OCCULTATION DATA ANALYSIS
Some observations involved in the multi-chord event recorded only the integer part of the second in each image header. It was then necessary to retrieve the fractional part of the second for the mid-exposure time of each image by performing a linear fit to the set, see details in Sicardy et al. (2011) and Dias-Oliveira et al. (2017) . From the linear fit we then retrieve the fraction of second for each image with an internal accuracy that depends on the square root of the number of images used, which is less than 0.1 s in practice. Table 4 ). Table 4 ). Data obtained in video format from West Park Observatory was converted to Flexible Image Transport System (fits) format using the same procedure as described in Benedetti-Rossi et al. (2016) and Buie & Keller (2016) .
The two single-chord events were analyzed to obtain the stellar flux (plus the faint, background contribution due to the occulting body) ratioed to nearby calibration stars using procedures based on the standard Daophot IDL routines (Stetson, P. B. 1987) . The multi-chord occultation was harder to analyze. Since the SNR of the comparison and target stars were too low in all data sets, using the IDL routines the derived chords did not produce satisfactory results, as they presented sizes and positions that did not fit a reasonable and realistic ellipse in the sky plane. We then subjected the data sets to a careful treatment by the new photometry task version of PRAIA -Program for Reduction of Astronomical Images Automatically .
PRAIA uses differential aperture photometry and it differs from the IDL routines in many instances, presenting many useful features which description is beyond the scope of this work. Among them, the apertures, sky ring sizes and widths are automatically optimized for better SNR (outside of the event) for each image, following a thorough aperture centering procedure, and the flux is precisely corrected for the variable apertures for all objects on each image. Calibration fluxes are smoothed and the best set of calibration stars is set automatically as a function of the best light curve standard deviation. The flux ratio vs. time is further corrected by atmospheric systematic factors (using the observed flux before and after the event) by applying a polynomial fit (we used the third degree in all cases). Finally, the flux ratio is normalized and the resulting normalized light curve stored with many kinds of information (errors, photometry parameters, etc). Note that the three stars magnitude are about 16, while it is almost 20 for the TNO. This means that VS2 is not visible in any of the equipment and exposures setup used in the observations and the stars disappear completely during the three occultations, with no residual light from VS2, i.e., we assume that the flux drops to zero in each of these observations. The resulting light curves with positive occultation detections are presented in Fig. 5 . Light curves flux standard deviation are 21.8% for the 2013 occultation, 12.9% and 6.6% for the two telescopes of 0.7m and 1m, respectively, from the March 2014 event, while it is 6.9% for Bosque Alegre, 14.7% for Rosário, 14.5% for Santa Rosa, and 13.1% for Montevideo in the multi chord occultation. The stellar diameter projected at VS2's distance is estimated using the B, V and K apparent magnitudes provided by the NOMAD catalog (Zacharias et al. 2004 ) and the formulae of van Belle (1999) -see Table 2 . Using the apparent TNO motion relative to the star, it is possible to express the integration times in actual distances traveled between adjacent data points in the sky plane. Each effect is evaluated in Table 7 . We note that our data are dominated by the integration times, and not by Fresnel diffraction or stellar diameter. The occultation timings are then obtained by minimizing a classical χ 2 function, using the same procedures as described in Sicardy et al. (2011) .
Single-chord events
The single-chord occultation of December 12, 2013 was detected from La Réunion Island and had a shadow velocity of 24.91 km s −1 , while the March 04, 2014 event had a shadow velocity of 8.99 km s −1 and it was detected by two telescopes at the same site in Israel (see Table 4 for details). The best fits to the ingress and egress profiles are presented in Fig. 6 . The occultation durations of 15.80 Table 8 .
The timings in Table 8 provide the extremities of the corresponding occultation chords projected in the sky plane. More precisely, they give the position (f, g) of the star projected in the sky plane and relative to the center of the object. The quantities f and g are expressed in kilometers, and counted positively toward local celestial east and celestial north, respectively. Note that the calculated position (f, g) depends on both the ephemeris used for the body and the adopted star position, that are both determined to within a finite accuracy. As such, (f, g) must be corrected by an offset that can be determined if several chords are available, thus pinning down the position of the object's center position relative to the star. This is not possible for a single-chord event. In that case, a circle was adjusted to each chord, using the areaequivalent diameter of 564.8 km in order to determine the center of the TNO in the plane of the sky relative to the star at a prescribed time. Two solutions are then equally possible, depending on whether the center of the body went south or north of the star, as seen from Earth. We consider here the average of the two solutions, still resulting in an accurate astrometric positions for VS2 at the time of the two occultations, with uncertainties Table 4 for sites details. Top: December 12, 2013 occultation; Center: March 04, 2014 occultation observed with the 0.7m telescope; Bottom: March 04, 2014 occultation observed with the 1m telescope. Data points are shown in black, the geometric square well models are in blue, the effect of diffraction is shown in green, the effect of finite integration time is added in the orange, and the red lines show all the effects accounted for, and then used for comparison with the actual data points.
smaller than 25 mas for the two single-chord occultations. Note that the diameter used here was obtained from the November 07, 2014 occultation, when the object was at one of the maxima in brightness of the light curve, but we do not know the rotational phase for the other two single-chord occultations. This means that probably the shadow path must be smaller than 564.8 km. Anyway, a difference of 50 km in radius will give an uncertainty of less than 1.7 mas in the object position, which is within the error bars. The object positions in right ascension and declination corrected by the offsets obtained from the occultations are given in Table 9 . Note-* The offsets depend also on the adopted star positions given on Table 2 .
Multi-chord event
The November 07, 2014 occultation had a typical shadow velocity of 21.53 km s −1 and observers attempted to record the event from 21 different sites. Unfortunately, due to bad weather only eight sites were successful in gathering data, among which four detected the event (see Tables 5 and 6 ). Despite non-detections, the chords obtained at Cerro Tololo (PROMPT), Las Cumbres, and La Silla (NTT/SOFI; Son of ISAAC (Moorwood et al. 1998a,b) ) provide important constraints on the size of the object, being close to the occultation path.
The resulting light curves with positive detection, shown in Fig. 5 , provide N = 8 chord extremities, from which we derived the disappearance and reappearance instants of the occultation (see Table 8 ). The best fits for the ingress and egress times are presented in Fig. 7 .
The shape of the body's limb is assumed to be an ellipse, as adopted in previous works, see Braga-Ribas et al. (2013 ; Benedetti-Rossi et al. (2016); DiasOliveira et al. (2017); Ortiz et al. (2017) . The ellipse is defined by M = 5 adjustable parameters: the position of the ellipse center, (f c , g c ); the apparent semi-major axis, a ; the apparent oblateness, = (a − b )/a (where b is the apparent semi-minor axis); and the position angle of the pole P of b , which is the apparent position angle of the pole measured eastward from celestial north. Note that the center (f c , g c ) actually measures the offsets in right ascension and declination to be applied to the adopted ephemeris, assuming that the star position is correct. Note also that the quantities a , b , f c , and g c are all expressed in kilometers.
The statistical significance of the fit is evaluated from the χ 2 per degree of freedom (pdf) defined as χ 2 pdf = χ 2 /(N −M ), which should be close to unity for a correct fit. The individual 1-σ error bar of each parameter is obtained by varying that parameter from its nominal solution value (keeping the other parameters free), so that χ 2 varies from its minimum value χ 2 min to χ 2 min + 1.
Using the timings for the star disappearance and reappearance obtained from the four positive detections (Table 8), we obtain a best-fitting ellipse with χ 
Size and Shape
Homogeneous rocky objects with diameters on the order of 1000 km or more are expected to have reached the hydrostatic equilibrium, assuming Maclaurin spheroidal or Jacobi ellipsoidal shapes (Chandrasekhar 1987) . The Table 5 for sites details. From top to bottom: Bosque Alegre, Rosario, Santa Rosa, and Montevideo. Line colors are the same as in Fig. 6. critical diameter allowing to reach this equilibrium is discussed by Tancredi & Favre (2008) . In particular, hydrostatic equilibrium could be reached for smaller objects, if made of ices or of a combination of ices and rocks. Nevertheless, the formation scenario and collisional history of individual objects are not known, allowing objects with complex internal structures (i.e., differentiated density layers, granular for a peeble accretion scenario, etc.). Thus, we cannot discard solutions that diverge somewhat from the expected equilibrium figure Table 5 ). The equivalent circle (that has the same area as the ellipse) is shown in orange with a diameter of 564.8 km.
given by Chandrasekhar (1987) . The case of the dwarf planet Haumea ) is a good example of a body with sizes that does not match a hydrostatic equilibrium figure for a geologically homogeneous fluid body.
The rotational light curve of Fig. 4 shows that VS2 is consistent with an object having a triaxial ellipsoidal shape. The short-term photometry of the body presented in Section 2.3 showed that the multi-chord occultation took place near one of the absolute brightness maxima of the rotational light curve, meaning that VS2 occulted the star when its apparent surface area was near its maximum. Assuming a triaxial shape, this occurs when its longest axis a was perpendicular to the line of sight, so that the semi-major axis of the projected ellipse a is equal to the real 3D-axes. With the known rotation period and phase, we verified if it was possible to use one or the two single-chord occultation results to improve the accuracy on the determination of size and shape for the TNO. The problem is that even if the rotational phase and period are well determined, the ephemeris for the object is not well constrained, with uncertainties of about 50 mas, in a way that the chord from the two occultations can fit anywhere in the multi-chord apparent ellipse. With this uncertainty we could not use any of the other chords to obtain further constraints on VS2's shape using the same method that Dias-Oliveira et al. (2017) Considering the limb fit to the apparent ellipse obtained from the multi-chord occultation and the light curve amplitude, we can use the same procedure as in Sicardy et al. (2011) (also used in Braga-Ribas et al. (2013) and Ortiz et al. (2017) ) to derive the three axes of the body. Our best solution for a triaxial shape has semi-axis values a = 313.8 ± 7.1 km, b = 265.5 • with respect to the observer, which is not consistent with the Jacobi equilibrium figure -see Appendix A for details. This solution gives a spherical volume equivalent diameter of 548.3 +29.5 −44.6 , from which we can derive (using H v = 4.130 ± 0.070 mag) the geometric albedo p V = 0.131
Since we can not make any constraint about VS2's density using the triaxial approach without making any other assumption of its mass, we can make an assumption that VS2 has an oblate shape, as a Maclaurin equilibrium figure with semi-axis a = 313.8 km and 254.8 ≤ c ≤ 313.8 km. Note that with this assumption, we are also assuming that the light curve amplitude variation is due to albedo features. Making this assumption and combining with the rotation period (given in Table 1), we can derive its density of 1400 +1000 −300 kg m −3 . All those values are summarized in Table 10 .
Atmosphere and secondary detections
On the largest TNOs the most common volatiles found through spectroscopic studies are water ice (H 2 O), methane (CH 4 ), ammonia (NH 3 ), molecular nitrogen (N 2 ), and even methanol (CH 3 OH) and ethane (C 2 H 6 ) for a few objects (Guilbert et al. 2009; Barucci et al. 2011 ). In the case of VS2, near infrared spectra of this body shows the presence of exposed water ice (Barkume et al. 2008 ), but no other volatile is reported to be detected. Data from the three stellar occultations showed no compelling evidence for a global atmosphere.
Using the same method for Quaoar (Braga-Ribas et al. 2013), we have modeled synthetic occultation light curves using a ray tracing code as described in Sicardy et al. (2011) and Widemann et al. (2009) . Several synthetic light curves are then compared to our best light curve obtained at Wise Observatory on the single chord occultation on March 04, 2014 providing a range of χ 2 with the detection threshold. We test two possible atmospheric models. one with an isothermal N 2 atmosphere, as this gas is the most volatile one among those listed above. We consider a typical temperature of 40 K for this model, but the result is weakly dependent on this Density -Maclaurin (kg m −3 ) 1400
Note-1 Offsets obtained with respect to JPL30 + DE431. It also depends on the star position given in Table 2 .
2 Period used to fit was 7.4175285 ± 0.00001 h from Santos-Sanz et al. (2017) . Figure 9 . Light curve from the single-chord stellar occultation of March 04, 2014 obtained at Wise Observatory (black) and the two models for the isothermic pure nitrogen (red) and a Pluto-like (blue) atmospheres within a 3σ limit. particular value. The other model is a N 2 atmosphere with CH 4 as a minor species, starting near 40 K at the surface and ramping up to 100 K near 25 km altitude due to methane IR absorption, as is observed in Pluto's atmosphere (Hinson et al. 2017) .
Our χ 2 -tests show that for both models, the Wise data are consistent with no atmosphere, with upper limits of 0.2 microbar and 1 microbar at the 1σ and 3σ levels, respectively.
We also searched for secondary events that may be related to a satellite, ring, or some material orbiting VS2. Using our highest time-resolution light curveobtained with the 3.5m NTT telescope with 0.1 seconds of cycle time and roughly positioned 400 km from VS2's center -we can estimate an upper limit of 0.2 km for an opaque object (or 18.5 km for any material with optical depth of 0.1). Considering the best chord with positive detection -from Bosque Alegre with 5 seconds cycle time -those limits are 107.7 km for opaque and 732 km for material with optical depth of 0.1.
One secondary feature was also detected in the NTT light curve, as shown in Fig. 10 . The drop has a relative depth of less than 10% (compared to the light curve standard deviation of 8.6%) and a duration of about 29 s, corresponding to a chord length of 625 km. However, this drop remains marginally significant and cannot be confirmed or rejected using the nearby chords from Cerro Tololo (insufficient SNR) and Pico dos Dias (overcast). This drop could be due to an occultation of a companion star by the object, causing a secondary occultation as happened during a stellar occultation by the Centaur object Chariklo in 2014 -see Leiva et al. (2017) and Bérard et al. (2017) . Note that with the size of VS2 and the geometry of the occultation, the Bosque Alegre positive light curve (data set with the best SNR) should not present any sign of this possible secondary occultation. Also, considering the main star magnitude (V=15.82) and the drop of 10%, the companion would have a magnitude V=18.21. If this star is closer than 0.8 arcsec it is likely not to be present in the GDR2 catalog (Brandeker & Cataldi 2019) . We estimate that the companion star should be closer than 0.5 arcsec, so the existence of a stellar companion remains consistent with its absence in the GDR2.
Another possibility is that this drop is due to some diffuse material around VS2, but since none of the other light curves show such secondary event to within the 5-σ level, this hypothesis is less likely. Also, a careful look on the NTT images presents some issues. The images have 320 vs. 32 pixels with a dead row in the middle of the CCD (row 69). There was only one reference star in the field for photometric calibration, which is fainter than the occulted star, and the telescope tracking was not perfect, in a way that sometimes one or both stars were close to the edge of the CCD. So we can not completely discard instrumental effects or reduction artifacts on this data set. In conclusion, more occultations are needed in order to confirm or discard the presence of any secondary feature.
CONCLUSIONS
We observed two single-chord and one multi-chord stellar occultations by the plutino (84922) 2003 VS 2 . Observations were performed on December 12, 2013 in La Réunion, on March 04, 2014 in Israel, and from 11 sites in South America on November 07, 2014, with 4 positive detections. The two single-chord events are consistent with the multi-chord solutions but do not bring further constraints to the object shape. However, they provide good astrometric constraints, thus improving the ephemeris of the body.
Using the timings of the November 07, 2014 event, we find the apparent ellipse with area equivalent diameter of 564.8 We also considered the possibility that VS2 is an oblate Maclaurin equilibrium figure (with a = b > c) . With this assumption, the light curve amplitude variation is due to albedo features and VS2 would have a density of ρ = 1400 +1000 −300 kg m −3 . The light curve amplitude can be explained in the extreme cases to be due only to the shape (with the triaxial shape model) or to a darker or brighter spot on the surface of about 100 km -16% of object diameter -if VS2 is a Maclaurin.
A possible secondary event was detected in the NTT data, that may be caused by the presence of some feature in VS2's surroundings or due to a secondary occultation occurred by the presence of a companion star, but the data are insufficient to make any deep conclusions. We also derived an upper limit for a global atmosphere (either isothermic pure nitrogen or Pluto-like) of 1 microbar (3σ).
Although the rotation period is well defined, and values for the geometric albedo and size of VS2 are well determined with the occultations, its 3D-shape (and as a consequence, its density) still need more observations in order to constrain the values obtained in this work. 427700/2018-3, 310683/2017-3, and 473002/2013-2) FAPESP (proc. 2018 FAPESP (proc. /11239-8, proc. 2011 FAPESP (proc. /08171-3, proc. 2016 . A.M. thanks Caisey Harlingten for the use of his 50cm telescope. We thank V. Buso and R. Condori for his observation efforts.
APPENDIX
A. DERIVING VS2'S SHAPE AND DENSITY We describe here the procedure used to determine the values of the semi-axis of a triaxial ellipsoid (a > b > c), and the angle between the c-axis and the observer (θ).
First we have the relations from Sicardy et al. (2011) (also used in Braga-Ribas et al. (2013) and Ortiz et al. (2017) ) between the real c and b semi-minor axis and the observed b :
where in our case we have b = 254.8
−21.7 km as the semi-minor axis of the ellipse observed in occultation. Multiplying both sides by 1/a and replacing b/a by β, and c/a by γ, we can rewrite eq. A1 and rearrange the terms to have a direct relation of γ as a function of β:
Note that since the multi-chord occultation took place near the maximum brightness, we have a = a, and so β = b /a. Second, using equation (8) 
where ∆m is the amplitude of the rotational light curve (0.141 ± 0.009 mag -see Table 1 ). We can rearrange the terms in the equation and obtain another relation of γ as function of β:
where ξ = 10 −∆m/1.25 . Those two equations combined (eqs. A2 and A4) give us constraints on the values β for every θ, but without any further assumptions, γ can assume any value from zero (or more specifically, undefined) to β and θ can have values from 0 to 90 degrees. Now, assuming that VS2 is large enough to achieve hydrostatic equilibrium, we have the limits for β and γ as a Jabobi-shape object. Tancredi & Favre (2008) present the relations Γ -associated with the angular momentum Land Ω -associated with the angular velocity ω -given respectively by:
and
where G is the gravitational constant, M , R, and ρ are the mass, equivalent radius and density of the body, respectively. For a Jacobi object, there are a lower and an upper limit for the two quantities: 0.303 ≤ Γ ≤ 0.390, and 0.284 ≤ Ω ≤ 0.374; which also limit the values of β between 0.432 and 1, and γ between 0.345 and 0.583. The shapes 
where ∆(β, γ, u) = [(1 + u) (β 2 + u) (γ 2 + u)] 1/2 . Once β = b/a is given, Eq. A7 yields γ, which in turn allows to calculate ω (or ρ), using Eq. A8.
We can plot the two relations between γ and β for a triaxial body (eq. A2 is represented in Fig. 11 and eq. A4 in Fig. 12 ) and verify if there exists a set of possible common solutions for every value of θ. Each of the intersections between the two curves for a same θ are presented in grey line in Fig. 13 . If we also plot the Jacobi relation between γ and β (blue line in Fig. 13 ) we should see a solution that intersects the three curves, which is not the case for VS2. This means that there is a solution for a triaxial shape but this solution is not a Jacobi shape.
In the case of VS2 the best solution for a triaxial shape have values for θ = 65 −43.6 km). Those values are also given on Table 10 . In order to have a Jacobi solution, we can explore different values for ∆m, from 0 to the nominal value of 0.141 mag. In fact we are assuming that some of the light curve contribution is due to VS2's shape and some due to albedo variation in the surface. When we try values for ∆m smaller than 0.141 the lines in Fig. 12 will move to the right and so more intersections with the lines from Fig. 11 will be available, i.e., there will be an intersection between the grey and the blue lines in Fig. 13 . For ∆m = 0.015 mag we find a Jacobi solution with β = 0.908 (b = 284.9 km), γ = 0.553 (c = 173.5 km) and θ = 75
• . We can also explore the other extreme and assume that VS2 has an oblate Maclaurin shape (with semi-axis a = b = 313.8 ± 7.1 km and 254.8 ≤ c ≤ 313.8 km). This assumption automatically imposes that the light curve amplitude variation is only due to albedo features on VS2's surface. Considering the light curve amplitude of 0.141 ± 0.009 mag . Relation between β = b/a and γ = c/a combining eq. A2 (black dotted lines -as in Fig. 11 ) and eq. A4 (red dotted lines -as in Fig. 12 ). Blue curve is the intersection between the black and red lines for each value of θ and the uncertainties (dotted blue lines -which depends on the determination of β and ∆m). The orange line is the value for β = γ while the grey line represents the relation for β and γ for the Jacobi shape. For θ between 55 and 80
• , defined by the black and red full lines, there is no intersection between the blue and grey lines, meaning that there is no Jacobi solution for VS2. -see Table 1 -the presence of surface irregularities (lumps) and some albedo variegation (spots) on the object with a size approximately of 100 km (∼ 16% of the object equivalent area) is needed. Note that the Sputnik Planitia in Pluto is nearly 1000 x 800 km across (∼ 15% of its equivalent area) (Hamilton et al. 2016) . Considering the Maclaurin shape and using the rotational period (P = 7.4175285 ± 0.00001 h -see Table 1 ), we can derive VS2's density of ρ = 1.4
+1.0 −0.3 g cm −3 , as show in Fig. 14.
